We study the use of polymer gratings as light couplers into porous silicon planar waveguides for sensing applications. Experimental evidence of a guided mode in a grating-coupled porous silicon structure is presented, along with a study of its detuning due to waveguide infiltration with a chemical linker. All the measurements are in good agreement with simulations obtained by means of a Fourier modal method, where the porous silicon birefringence is considered. These results demonstrate that this system is potentially useful for chemical and biological sensing applications.
I. INTRODUCTION
Porous silicon ͑PSi͒ waveguides were first reported more than a decade ago, [1] [2] [3] shortly after visible photoluminescence 4 and electroluminescence 5 from PSi films were first demonstrated. Using simple fabrication techniques, PSi waveguides provide a convenient means of guiding light with typical losses ranging from 0.2 to 30 dB/cm, depending on the wavelength and the degree to which the waveguides are oxidized.
1,2,6-14 A PSi slab waveguide can be formed by electrochemically etching a high porosity ͑low refractive index͒ layer beneath a low porosity ͑high refractive index͒ PSi layer. In this way, light is trapped in the high index layer by total internal reflection at the interfaces with the low index PSi layer below and air above. Strip, buried, and channel waveguides can also be fabricated in PSi using a combination of standard lithographic processing and localized oxidation techniques. 2, 10, 11, 15 While initially proposed for optical interconnections, PSi waveguides have been more recently studied for sensing applications. [16] [17] [18] [19] There are several ways to couple light into a PSi slab waveguide. The most common method employed is end-fire coupling. 20 Light is incident on the end face of the waveguide, often via an optical fiber or by focusing with a microscope objective, and some fraction of the incident light is transmitted directly into the waveguide. Efficient coupling requires a smooth waveguide end face, fine adjustment of the relative positions and sizes of the incident beam and waveguide, and careful mode matching. While much of PSi waveguide research relies on the use of this coupling method, prisms have also been utilized to couple light into PSi waveguides. Light experiences total internal reflection at the base of a glass prism that can be in direct contact with the waveguide silicon substrate ͑Kretschmann configuration͒ or a few hundred nanometers above the waveguide core ͑Otto configuration͒. When the component of the incident light wave vector in the prism parallel to the interface matches that of a guided mode, evanescent coupling of light into the waveguide core occurs. Prism coupling has been most commonly used to determine the refractive index of PSi layers. 21, 22 More recently, prism coupling has been performed for high sensitivity biosensing applications with PSi waveguides. 16, 23 Unlike common surface plasmon sensors, optical fiber sensors, and others, such a PSi sensor does not rely on the presence of the target material in an evanescent field; rather, the target is subject to the large propagating field within the waveguide core. 23 In this work, we show that waveguide mode excitation in a PSi waveguide is possible by means of a photoresist grating that is directly fabricated on the waveguide core by means of electron beam lithography. We note that projection lithography could also be used for the grating fabrication, which would allow for the production of multiple samples on a single wafer. The grating provides the necessary momentum for coupling the incident beam into a guided mode without the need of a prism. We demonstrate that this solution does not impede the use of the structure for sensing applications.
In Sec. II, we discuss the fabrication of planar PSi waveguides and grating couplers. In Sec. III, we begin by presenting the optical characterization of the system before grating fabrication. This is done by means of a reflectance spectrum, which gives information about the actual parameters of the fabricated PSi waveguide and angle-resolved at-tenuated total reflectance ͑ATR͒ measurements, which allow us to determine the guided mode wave vector. Then reflectance measurements as a function of the incident angle are used to demonstrate guided mode excitation for the grating-coupled PSi waveguide. Finally, in Sec. IV, we present an analysis of the angular shift of the guided mode resonances following infiltration of a chemical linker, 3-aminopropyltriethoxysilane ͑3-APTES͒, into the PSi waveguide. This suggests possible applications as a sensor for chemical or biological molecules.
II. FABRICATION
The PSi waveguide is fabricated by electrochemical etching of p + ͑0.01 ⍀ cm͒ silicon wafers in a 15% ethanoic hydrofluoric acid electrolyte as previously reported. 16 The PSi waveguide consists of the two following thin PSi films: a top low porosity ͑high refractive index͒ layer etched at 5 mA/ cm 2 for 62 s and a bottom high porosity ͑low refractive index͒ layer etched at 48 mA/ cm 2 for 53 s. After anodization, the waveguides are soaked in 1.5 mM KOH for 30 min to widen the pores and then thermally oxidized at 500°C for 5 min.
Grating structures are fabricated on electrochemically etched PSi using electron beam lithography. 
III. OPTICAL CHARACTERIZATION
The PSi waveguide is characterized by reflectance and angle-resolved ATR measurements before the grating fabrication. These sets of experiments allow verification of the multilayer composition and the effect of the oxidation process on the refractive indices of the layers. The experimental results are compared with theoretical calculations obtained with a Fourier modal method, in which the frequency dependence of the refractive index, absorption, and material birefringence is taken into account. 24 Axial and transversal refractive indices in each PSi layer are evaluated as a function of air and oxide fractions using the model proposed by Lugo et al., 25 in which the refractive indices of silicon and silica are taken from Palik. 26 Note that all the experimental results reported in this work are obtained for an electric field transverse to the plane of incidence ͑TE͒ with the sample oriented such that the field is along the grating lines. This means that only the transversal refractive index n Ќ is relevant. The fits of the experimental curves are challenging due to the fact that air as well as oxidation fractions have to be determined; moreover, there is a further degree of freedom in that the layer thicknesses can only be roughly estimated using the SEM picture shown in Fig. 1͑b͒ .
In Fig. 2 we show the experimental reflectance spectrum of the oxidized multilayer obtained at near-normal incidence using a Varian Cary 5000 UV-visible near-infrared spectrophotometer. Good agreement with the corresponding theoretical curve calculated using the parameters reported in Table I is found for the interference fringe positions, which depend on the layer optical thicknesses. Experimental and theoretical amplitudes of the interference pattern are quite different as the beam frequency increases. This effect can be attributed to sample inhomogeneity and roughness, which lead to an increase in scattering at shorter wavelengths, and to the absorption associated with the p doping of the silicon used to fabricate the multilayer. From the best fit, we obtained values for core and buffer layer thicknesses of 340 and 1499 nm, respectively. These values are compatible with those expected from the etching time and with those estimated from the SEM measurements.
In Fig. 3 we present the angle-resolved ATR measurements obtained by means of a Metricon 2010 prism coupler system, with a rutile prism ͑n prism = 2.1252͒, in the Otto configuration ͑see inset͒ for TE polarized incident light at the wavelength = 1.55 m. The prism is placed above the structure a few hundred nanometers from the waveguide surface. Above the critical angle between prism and air, the light is entirely reflected unless it is coupled through the prism into the waveguide. The coupled light can be absorbed, scattered, or even transmitted through the buffer layer into the silicon substrate; thus, for each guided mode, we observe a dip in the reflectance. In particular, the spectrum in Fig. 3 presents a structure that corresponds to the fundamental TE waveguide mode at Х44°. The effective index of the mode is found to be n eff = 1.4763, according to the relation n eff = n prism sin͑ int ͒, where int is the angle of incidence measured in the prism. The width of the dip is determined by the overall mode losses; they depend on the distance between the prism and the waveguide, the buffer layer thickness, as well as absorption and scattering within the PSi. In the calculation, the refractive indices at 1.55 m are taken to be n Ќ Х 1.81 for the core and n Ќ Х 1.26 for the high porosity layer. They correspond to the porosities and oxidation fractions reported in Table I . The PSi layer oxidation is a necessary process to stabilize and functionalize the waveguide. While the oxidation reduces the effective index of the structure, a sufficient refractive index contrast is still achievable, which guarantees strong field confinement in the waveguide core. We did not take into account the losses due to the scattering and the small absorption associated with the p doping of the silicon; therefore, while the theoretical position of the dip coincides well with the experimental position, its width is much narrower. The theoretical and experimental curves are in substantially good agreement between 32°and 60°, which is the range permitted by our current experimental configuration. It is worth noting that the simulation is done by simply using the parameters reported in Table I ; here, the only new fitting parameter is the distance between the prism and the waveguide, which is found to be 700 nm. This value is sufficiently large that the effective index of the mode estimated from the ATR measurements is indeed that of the unperturbed waveguide.
Once the effective index of the mode is known, it is possible to design a grating to directly couple the light into the waveguide without the need of a prism. The grating provides the momentum to the incident beam to match the mode wave vector, according to
where n ext is the external medium refractive index, ⌳ is the grating period, and m is an integer.
In Fig. 4 , we plot the experimental and theoretical reflectances of the waveguide after the fabrication of the grating coupler. The ZEP 520A ͑n ZEP Х 1.54͒ grating has thickness of h Х 380 nm, air fraction of f Х 0.582, and period of ⌳ Х 1590 nm. This should give a coupling angle around 30°a ccording to Eq. ͑1͒. The spectrum is obtained with the Metricon 2010 system used for the ATR measurements. In this configuration the prism is removed from the instrument and the angle-resolved measurements are still performed at 3 . ͑Color online͒ Experimental ͑points͒ and theoretical ͑line͒ angleresolved ATR spectra for the PSi waveguide in the case of a TE polarized incident beam. The simulation is done using the structure parameters obtained from the best fit of reflectance spectrum presented in Fig. 2 . A scheme of the experimental configuration is also shown.
FIG. 2.
͑Color online͒ Experimental ͑points͒ and theoretical ͑line͒ reflectance spectra at normal incidence as a function of the incident beam energy. = 1.55 m for TE incident light in a range between 10°and 45°. The spectrum is characterized by peaks at 27.1°and 31.9°that result from the light coupling into the multilayer. The angular splitting arises because the grating breaks the continuous translational symmetry of the structure in the waveguide plane. Two field distributions are possible when the guided mode is excited, and two different effective indices result, each with its own associated peak in the spectrum. In particular, when the light is incident at 32°, the field is almost totally confined in the low porosity layer, which is the original waveguide core. When the light is incident at 27°, however, the field extends significantly also into the grating region and the lower cladding where the refractive index is lower. Thus the effective index of this second mode is smaller than that of the first.
IV. EFFECTS OF INFILTRATION
In this section we demonstrate that our structure has potential applications as a refractive index sensor. While guided and surface wave PSi-based sensors have already been proposed, 16, 23, 27 in our structure the guided modes are excited by means of the grating coupler and not through a prism, leading to a simplification of the detection configuration. Our aim in this first investigation is to show that the grating fabrication on a PSi structure does not prevent its infiltration, and thus its implementation as a sensing device. Our sensing experiment is based on the fact that PSi infiltration typically leads to modification of the porous layer effective index. This results in a modification of the waveguide mode dispersion and an angular shift of the resonances associated with mode excitation.
In order to test the structure, we study the effects of infiltration with 3-aminopropyltriethoxysilane ͑3-APTES͒, which contains an amino group and is commonly used in sensing applications to promote adhesion between silica substrates and organic materials. Once the amine is available, numerous cross-linking agents can be used to immobilize proteins, DNA, or other molecules to silica surfaces. To form a 3-APTES thin film on the PSi pore walls, 100 l of 4% 3-APTES solution ͓3 − APTES͑99% , Aldrich͒ : methanol: de-ionized water=4:46:50͔ were dropped on the grating sample's surface. After incubation in a humid environment for 20 min, the sample was rinsed with de-ionized water, dried with nitrogen, and baked at 100°C for 10 min. In Fig.  5͑a͒ we show the experimental reflectance spectra of the grating-coupled waveguide before and after the infiltration. The infiltration leads to the formation of an almost atomic layer of 3-APTES on the surface of the PSi pores and to an increase in the refractive index in the waveguide core and buffer layers in the regions that are not covered by photoresist. As a consequence of the increase in refractive index, the resonance splitting is enhanced. The shifted peaks are at 25.8°and 33.6°, respectively, for a total splitting of 7.7°, which is almost 3°larger than what is observed with the empty waveguide. Each resonance peak shifts about half of the total splitting.
We use our theoretical model to confirm that the splitting can indeed be understood as due to the infiltration of the waveguide. Since the 3-APTES refractive index is almost identical to that of silica, we can still use the model of Lugo et al. 25 to calculate the effective refractive index change by simply adjusting the air fraction to take into account the infiltration. In Fig. 5͑b͒ , we plot the calculated reflectance spectra for the empty and infiltrated structures. We find a good agreement with the experimental results when we assume refractive index changes ⌬n Ќ,core = 0.033 51 and ⌬n Ќ,buffer = 0.037 69 in the core and buffer layers, respectively.
If we compare the angular shift of the resonance associated with the mode guided completely in the waveguide core for the current grating-coupled and previously reported prism-coupled 16 configurations, we find that the magnitude of the shift due to 3-APTES infiltration is nearly the same in both cases. However, for the grating-coupled waveguides, only half of the sensing region is usable due to the presence of the photoresist gratings. This implies that higher sensitivi- ties could be obtained if the entire sensing area were infiltrated, for example, by fabricating the grating directly in the PSi material. It is also noteworthy that since the gratingcoupled waveguide produces two resonance peaks, an easier means of detection would be to monitor the change in peak splitting. Since the two resonance peaks shift in opposite directions, the magnitude of the splitting change is twice that of a single resonance shift.
V. CONCLUSION
We have proposed a polymer grating for the compact and efficient coupling of light into a PSi planar waveguide. The optical properties of the waveguide have been studied by angle-resolved ATR measurements, which allow accurate determination of an appropriate grating period for efficient coupling of light into the waveguide. A ZEP 520A photoresist grating has been fabricated on the PSi waveguide using standard electron beam lithography, and the system has been characterized by angle-resolved reflectance. We experimentally verified that such a device can be used as a refractive index sensor, where mode coupling is obtained by means of the grating instead of a prism. All measurements are in good agreement with theoretical calculations. These results demonstrate the potential usefulness of this system for chemical and biological sensing applications.
